F
ullerene and functionalized fullerenes are carbon-based nanoparticles with enormous implications for nanotechnology due to their applications in several fields, such as biomedical diagnostics and therapeutics (1, 2) and remediation in wastewater treatment plants (3) . However, some studies have reported potential toxicity and ecotoxicity of fullerene (4, 5) , and consequently, fullerene was placed on the top of the Organisation for Economic Co-operation and Development (OECD) list (OECD guidance manual [6] ) seeking toxicity tests and risk assessment. On the other hand, polyhydroxyfullerene (PHF), a functionalized derivative of fullerene, is in the limelight of current research due to its reported nontoxic nature and reactive oxygen species (ROS)-quenching properties (7, 8) . PHF has an edge over fullerene in commercial and research applications because it is stable and soluble in aqueous solution due to the presence of hydroxyl groups. As an antioxidant agent and free radical scavenger, PHF has been reported to decrease the excitotoxic and apoptotic death of neurons (9) , protect against ischemia-reperfused lungs (10) , protect rat brain from alcoholic injury (11) , prevent hepatotoxicity in rats and human cell lines (12) , and decrease tumor size in rats (13) . In contrast, cytotoxicity of PHF has also been observed (4, 14, 15) . Under photoexcitation, PHF can generate free radical species (15) and induce early apoptosis and lipid peroxidation (14) . These discrepant findings make it relevant to further assess the effects of PHF on biological systems.
Cadmium (Cd), a nonessential element for living organisms, has been used in various industrial and regular-life products, such as batteries, pigments and paints, alloys, and welding and electroplating materials, leading to its increased release in the environment (16) . For instance, a quantitative estimation of Cd for Chinese rivers pointed to 4.45 tonnes (t) of Cd deposited per year along the Anhui section of the Yangtze River and to a high Cd content in the suspended matter (104.8 g g Ϫ1 ) in the Shun'an River (17) . As a nonbiodegradable element, Cd has a very long biological half-life (18) , and it has been reported to be toxic to macro-and microorganisms, including yeasts (19) (20) (21) . Cd toxicity has been shown to be caused by oxidative stress (22, 23) ; Cd can indirectly generate free radicals by replacing iron or copper ions in cytoplasmic and membrane proteins, leading to an increase of free or chelated metals (23) , which in turn can lead to oxidative stress via Fenton reactions (24, 25) . ROS production was associated with Cd-induced cell death in rainbow trout (26) , murine splenocytes (27) , and human hepatoma cells (28) . ROS triggered by Cd can react with several biomolecules within cells and may lead to DNA mutation, alterations in protein structure and function, lipid peroxidation, shifts in gene expression, and apoptosis (23, 29) .
We investigated the potential role of PHF in alleviating Cd toxicity in yeasts under the hypothesis that (i) oxidative stress induced by Cd may be mitigated by PHF due to its antioxidant and free radical-scavenging properties and/or (ii) PHF may interact with Cd ions, reducing its bioavailability. We selected the yeast Saccharomyces cerevisiae because (i) it has been used as a eukaryotic model system to study oxidative stress responses (30) (31) (32) and (ii) mounting evidence suggests that Cd can induce oxidative stress by accumulating ROS or free radicals (22, 33, 34) . Because the uptake and toxicity of Cd in yeasts can change with environmental conditions (e.g., pH [35] and Cd concentration [36] ), we assessed the effects of Cd and PHF alone and in mixtures on yeast growth, intracellular ROS accumulation, and plasma membrane integrity at different pHs and exposure concentrations. Moreover, we used scanning electron microscopy coupled to an energy-dispersive X-ray analyzer (SEM-EDX) and scanned stripping chronopotentiometry (SSCP), a dynamic electrochemical stripping technique, to examine putative physicochemical interactions between PHF nanoparticles and Cd ions in an attempt to better understand the mode of action of these nanoparticles in biological systems.
MATERIALS AND METHODS
Preparation of Cd and PHF stocks. The stock solution of Cd (chloride salt, 98%; Sigma) was prepared in filtered ultrapure (Milli-Q) water (0.2-m-pore-size membrane; Millipore, Billerica, MA) and stored at 4°C in the dark. The stock of PHF [C 60 (OH) 18 -22 ; BuckyUSA, Houston, TX] was prepared by suspending the powder in autoclaved (121°C, 20 min) ultrapure water, and the suspension was sonicated (42 kHz, 100 W; Branson 2510; Branson, Danbury, CT) for 10 min in the dark. A uniform aqueous suspension of PHF was obtained with no detectable precipitation after 3 weeks of storage at 4°C in the dark.
Yeast growth and exposure conditions. The yeast Saccharomyces cerevisiae PYCC 4072 was obtained from the Portuguese Yeast Culture Collection (New University of Lisbon, Portugal) and maintained on yeast peptone dextrose (YPD) solid medium with the following composition: dextrose (2%, wt/vol), peptone (1%, wt/vol), yeast extract (0.5%, wt/vol), and agar (2%, wt/vol). For the assays, cells grown on YPD agar (48 h at 26°C) were inoculated in YPD liquid medium.
Erlenmeyer flasks (100 ml) with 20 ml of YPD medium were supplemented with Cd (0, 1. Visualization of cell morphology by scanning electron microscopy. Yeast cells grown in YPD medium in the absence or presence of Cd and/or PHF were harvested (5,000 ϫ g, 10 min; Sigma 113 centrifuge; Sigma, Germany), washed twice, and resuspended in 2 ml phosphate-buffered saline (1ϫ PBS, pH 7.4; GIBCO). Cells were fixed in 2.5% (vol/vol) glutaraldehyde for 24 h and dehydrated in ethanol (vol/vol) as follows: 20%, 8 h; 40%, 6 h; 60%, 4 h; 80%, 2 h; and 100%, 1 h. Cell suspensions (20 l) were then loaded on clean grease-free slides, coated with gold in a vacuum, and examined by scanning electron microscopy (SEM, Leica Cambridge S 360; Leica, Cambridge, United Kingdom) coupled to an energy-dispersive X-ray (EDX) microanalysis setup (15 keV).
Plasma membrane integrity and intracellular ROS accumulation assessed by flow cytometry and epifluorescence microscopy. Plasma membrane integrity was assessed by a membrane-impermeative dye, propidium iodide (PI; Molecular Probes, Eugene, OR), which enters the cells and binds to nucleic acids when plasma membrane disruption occurs; red fluorescence in cells indicates plasma membrane disruption (32) . Nuclei were localized with 4=,6-diamidino-2-phenylindole dye (DAPI; Molecular Probes, Eugene, OR, USA), which forms a blue fluorescent complex with double-stranded DNA. Yeast cells were harvested and washed as described above, before being suspended in 2 ml PBS containing PI (20 g ml Ϫ1 ) and DAPI (0.1 mg ml -1 ). The mixture was incubated for 15 min at 26°C in the dark.
Intracellular ROS accumulation was assessed with MitoTracker Red CM-H 2 XRos (Molecular Probes, Eugene, OR). This dye does not fluoresce in the reduced form, but when it enters an actively respiring cell, it is oxidized by ROS in the mitochondria to form a red fluorescent compound (32, 37) . Yeast cells, obtained as described above, were resuspended in 2 ml PBS containing 40 g ml Ϫ1 of the dye prepared in dimethyl sulfoxide (Ն99.9%; Sigma) and incubated for 15 min at 26°C in the dark.
For visualization of intracellular ROS accumulation and plasma membrane disruption, stained yeast suspensions were placed on a grease-free slide and mixed with an equal volume of an anti-fading and anti-photobleaching reagent (Vectashield mounting medium; Vector Laboratories, CA). Slides were scanned under an epifluorescence microscope (magnification ϫ1,000; Leica DM5000B; Leica, Germany), and a minimum of 3 arbitrary images per replicate were acquired with a digital camera (Leica DFC 350 FX R2) using the software LAS AF V1.4.1.
Quantitative fluorescence in yeast cells was measured using a flow cytometer (Epics XL-MCL; Beckman Coulter, Germany) equipped with an argon ion laser emitting a 488-nm beam at 15 mW. The red fluorescence of PI or MitoTracker Red was detected on an FL3 log filter through a 590-nm long pass, a 620-nm band pass, and another 670-nm long pass. An acquisition protocol was defined to measure forward scatter (FS log), side scatter (SS log), and red fluorescence (FL3 log) on a 4-decade logarithmic scale (32, 37) . Each replicate was sampled three times, and 25,000 cells per sample were scanned. Data were analyzed with the software Win-MDI 2.8. Cells exposed to 10 mM H 2 O 2 served as positive controls (38) .
Characterization of Cd and PHF nanoparticles alone or in mixtures.
A stock aqueous suspension of PHF nanoparticles and YPD medium containing Cd and/or PHF were examined by SEM-EDX as described by Pradhan et al. (39) . Briefly, 20 l of each solution/suspension was loaded on a clean grease-free slide in the dark, air dried, and coated with gold in a vacuum. Slides were scanned by SEM-EDX as described above to confirm the presence of Cd or C in PHF nanoparticles.
The hydrodynamic size distribution of PHF nanoparticles was monitored by dynamic light scattering (DLS) to check agglomeration of nanoparticles in the stock suspension and in the YPD medium, using a Malvern Zetasizer Nano ZS (Malvern Instruments Limited, United Kingdom).
The behavior of binding of Cd to PHF was determined by SSCP (40) . First, the binding of Cd to PHF was studied in 10 mM NaNO 3 (needed for electrochemical experiments) in the absence of YPD medium. Then, Cd binding to the medium was studied in the absence of PHF, and finally, the metal binding was studied with all components. Due to limitations of the upper detection limit of SSCP, the Cd at the highest exposure concentration was diluted 100ϫ. To maintain exposure Cd-to-PHF ratios (1:10, 1:25, and 1:100), PHF and the YPD medium components were diluted by the same factor; i.e., assays were carried out in the presence or absence of YPD medium at a fixed Cd concentration (0.05 mg liter Ϫ1 ) with either PHF concentration (0.5, 2.5, and 5.0 mg liter Ϫ1 ) or pH (6.8, 6.3, and 5.8) being varied. For each set of experiments, the complex stability constants (K=) and the diffusion coefficients of metal-ligand (Cd-PHF or Cd-YPD) complexes (D ML ) were determined based on the work of Pinheiro et al. (40) (see the supplemental material). Briefly, K= was determined from the potential shift, ⌬E d,1/2 , corrected for the decrease in transition time using an expression that is equivalent to the DeFord-Hume expression:
is the SSCP shift of the half-wave potential (V), n is the number of electrons involved in the faradaic process, F is the Faraday constant (C mol Ϫ1 ), R is the universal gas constant, T is the absolute temperature, and MϩL * and M * are limiting transition times obtained in the presence and absence of the complexing ligand, respectively (40) . The D ML coefficient was computed from K= using the equation above and the mass balance for the metal:
D is the mean diffusion coefficient of free metal (M) and its ligand complex (ML) in solution, and D M is the diffusion coefficient of free metal in solution (m 2 s Ϫ1 ) (40) . Free metal concentrations were estimated for the highest exposure concentration of Cd in the yeast assays (5 ϫ 10 Ϫ5 M; 5 mg liter Ϫ1 ) using K= values for Cd binding to YPD medium and to PHF in the medium at different pH values.
Statistical analyses. Two-way analyses of variance (ANOVA) (41) were used to assess how yeast endpoints were affected by (i) PHF and pH at each Cd concentration and (ii) Cd and pH at each PHF concentration. Significant differences between treatments and respective controls or between pH values were analyzed by Bonferroni posttests (41) . Data (as percentages) were arcsine square root transformed to achieve normal distribution and homoscedasticity (41) . Analyses were done with Statistica 6.0 (Statsoft, Inc., Tulsa, OK).
RESULTS
Characterization of PHF nanoparticles. SEM analysis of PHF in the aqueous stock suspension showed two size ranges for spherical nanoparticles: 30 to 60 nm and 100 to 250 nm (data not shown). These results were confirmed by DLS, which yielded two peaks with mean particle sizes of 38.4 nm and 185.4 nm, corresponding to 32.4% and 0.1% of the number of mean size particles, respectively (see Table S1 in the supplemental material). In YPD medium, an additional peak with particle sizes ranging from 1.6 to 2.9 nm was found (peak 3; see Table S1 ). This was probably due to nanocrystal composites of the YPD medium, because a similar peak was observed in the absence of PHF (data not shown). In YPD medium, the mean size of PHF and polydispersity index (PdI) increased with the decrease in pH (peak 1, 43.6 versus 51.5 nm; peak 2, 198.3 versus 210.5 nm; PdI, 0.495 versus 0.597 [at pH 6.8 and 5.8, respectively]; see Table S1 ). Also, the relative abundance of smaller PHF nanoparticles was reduced by the decrease in pH of YPD medium (11.5% and 0.2% at pH 6.8 and pH 5.8, respectively; see Table S1 ). This suggests that nanoparticle agglomeration increased with decreasing pH.
SSCP yielded particle sizes from 7 to 10 nm (Table 1) , obtained by applying the Stokes-Einstein equation to the diffusion coefficients, which ranged from 4 ϫ 10 Ϫ11 to 6 ϫ 10 Ϫ11 m 2 s Ϫ1 . Particle size did not change much with PHF concentration and pH. Unfortunately, it was not possible to obtain the diameter for particles in the YPD medium due to the lower binding strength. It is known that DLS is severely biased toward larger sizes in polydisperse systems, and SEM analysis often does not detect smaller particles. On the other hand, SSCP is biased toward the smaller particles, which have a higher diffusion coefficient. Also, nanoparticle aggregation was less likely to occur at the lower concentration of PHF used in the SSCP assays.
Physicochemical interactions between PHF and Cd. The presence of PHF nanoparticles and Cd ions in YPD medium was confirmed by SEM-EDX (Fig. 1) . A peak of C and an increased peak of O, compared to those in YPD medium without PHF, confirmed the presence of PHF nanoparticles in the medium (Fig.  1A and C versus B) . YPD medium containing Cd showed peaks of this element (Fig. 1B) . As expected, when the medium was supplemented with Cd and PHF, peaks of C, O, and Cd were detected (Fig. 1C) . Under these conditions, instead of self-agglomeration, nanoparticles of PHF interacted with Cd by keeping this element arrested and surrounded by PHF nanoparticles, which formed crossed-links with other Cd crystals (Fig. 1C) . A peak of Cl was also detected (Fig. 1B and C) , because Cd was supplied as chloride salts. Additional elements detected in all samples (Fig. 1A to C) probably originated from glass slides and culture medium (Na, Mg, Si, Ca, and O) or gold coating (Au), because these elements were also found in the absence of PHF and Cd (data not shown).
SSCP analysis showed that in the absence of YPD, at pH 6.8, with a 10-fold excess of ligand (i.e., 5 mg liter Ϫ1 of Cd for 50 mg liter Ϫ1 of PHF), the complex stability constant was modest (K= ϭ 27), indicating that most of the Cd was in its free form (Table 1; also, see Fig. S1 in the supplemental material). However, significant binding of Cd 2ϩ by PHF was found at higher PHF concentrations ( Table 1 ). The increase of K= to 140 and 271 at 250 and 500 mg liter Ϫ1 of PHF, respectively, suggested that the binding was homogeneous (i.e., a similar K= value would be obtained if divided by PHF concentration). A decrease in pH decreased the binding 
values were multiplied by a dilution factor of 100. C ML and C M are the concentrations of the metal-ligand complex (ML) and free metal (M), respectively, and C L,T corresponds to the total concentration of ligand, which was 100ϫ higher in the exposure experiments.
strength, as expected due to the smaller amounts of deprotonated groups in PHF. The YPD medium could also bind Cd, but the binding was much lower than that promoted by high concentrations of PHF ( Table 1 ). The SSCP waves with different dilutions of YPD medium indicated that the binding was homogeneous (see Fig. S2 in the supplemental material). The binding increased with pH (from 5.8 to 6.8), but varying the pH produced smaller effects than increasing the PHF concentration (Table 1 ). This indicates that the amount of deprotonated groups did not change much, especially between pH 6.3 and 6.8. Significant binding of Cd 2ϩ in the YPD medium was obtained at the highest PHF concentration at pH 6.8 (Table 1 ; also, see Fig. S1C in the supplemental material). Again, Cd 2ϩ binding decreased with decrease in pH ( Table 1 ; also, see Fig.  S1D ). In the YPD medium, the free Cd concentration decreased with increase in pH and was roughly 30 to 50 times lower than the total Cd concentration (Table 1) . Moreover, the K= values obtained were basically the sum of K= from the individual experiments, suggesting that the Cd binding by PHF and YPD medium was additive and resulted in a 10-fold decrease of free Cd at the highest pH and PHF concentration.
Effects of PHF and Cd on cell morphology and yeast growth. Compared to the control, the exposure of yeasts to PHF did not lead to morphological alterations in the cells, as shown by SEM ( Fig. 2A) . In contrast, the exposure to Cd induced remarkable morphological alterations, such as cell shrinkage and degeneration ( Fig. 2A) . The coexposure to Cd and PHF led to minor morphological alterations in just a few yeast cells (Fig. 2A) .
In the absence of Cd and PHF, yeast growth was not affected by pHs between 5.8 and 6.8 (P Ͼ 0.05) (Fig. 2B) . In the absence of Cd, PHF stimulated yeast growth (P Ͻ 0.05) (Fig. 2B) . The exposure to 250 mg liter Ϫ1 of PHF increased yeast growth by 7.7% and 9.7% at pH 6.3 and 6.8, respectively (P Ͻ 0.05), while the exposure to the highest PHF concentration (500 mg liter Ϫ1 ) stimulated yeast growth at all pHs (6.9% and 10.4% at pH 5.8 and 6.8, respectively; P Ͻ 0.05).
Exposure to Cd alone inhibited yeast growth, and the effects were stronger at higher pHs and Cd concentrations (P Ͻ 0.05); at pH 6.8, the growth was reduced to 64.5% at the lower Cd concentration and to 20.3% at the higher Cd concentration (Fig. 2B) . The presence of PHF attenuated Cd inhibitory effects on yeast growth: Cd effects were less pronounced at higher PHF concentrations and pHs (P Ͻ 0.05) (Fig. 2B) . Growth recovery from exposure to 1.5 mg liter Ϫ1 of Cd and 500 mg liter Ϫ1 of PHF was 28.4% at pH 6.8 ( Fig. 2B) . At this PHF concentration and pH, growth recovery from exposure to 5 mg liter Ϫ1 of Cd was 53.8%. Effects of PHF and Cd on plasma membrane integrity. In the absence of PHF and Cd, yeast cells did not show plasma membrane disruption, as indicated by the absence of red fluorescence after PI staining under epifluorescence microscopy (Fig. 2C) ; under these conditions, cell nuclei were localized by the blue fluorescence after DAPI staining. Results from flow cytometry showed that the number of yeast cells with plasma membrane disruption was low (Յ1.4%) at all tested pHs (Fig. 2D) . The number of PIpositive cells decreased with increasing PHF concentration (P Ͻ 0.05) (Fig. 2D) .
Cd led to plasma membrane disruption, as revealed by the presence of red fluorescence in cells (Fig. 2C) , and the effects increased with increasing Cd concentration and pH (P Ͻ 0.05) (Fig.  2D) . Exposure to 1.5 mg liter Ϫ1 of Cd led to 11.6% (pH 5.8) and 13.8% (pH 6.8) PI-positive cells, while exposure to the higher concentration of Cd increased the percent PI-positive cells to 34.7% and 38.1% at pH 5.8 and 6.8, respectively (Fig. 2D) .
Plasma membrane disruption induced by Cd was reduced when yeast cells were coexposed to PHF, as shown by a decrease in red cell fluorescence (Fig. 2C) . The level of plasma membrane disruption induced by Cd depended on PHF concentration and pH (P Ͻ 0.05) (Fig. 2C) . The maximum reduction in the number of PI-positive cells was found after coexposure to the highest concentrations of PHF and Cd at the highest pH and corresponded to a decrease of 30.7% in PI-positive cells compared to cells exposed to Cd alone (P Ͻ 0.05) (Fig. 2D) .
Effects of PHF and Cd on ROS accumulation. Epifluorescence microscopy analysis of yeast cells did not show ROS accumulation in the absence of Cd, as indicated by the absence of intense red fluorescence after MitoTracker Red CM-H 2 XRos staining (Fig.  2E) . Consistently, results from flow cytometry showed that less than 3.1% of cells unexposed to Cd had intracellular ROS accumulation at pHs ranging from 5.8 to 6.8 (P Ͻ 0.05) (Fig. 2F) . Exposure to increasing PHF concentrations reduced ROS accumulation (P Ͻ 0.05) (Fig. 2F) .
Exposure to Cd increased ROS accumulation in yeast cells (Fig.  2E ) in a dose-and pH-dependent manner (P Ͻ 0.05) (Fig. 2F) . The highest number of cells showing ROS accumulation (44.1%) was detected after exposure to 5 mg liter Ϫ1 of Cd at pH 6.8 (Fig.  2F) . The presence of PHF diminished the accumulation of ROS induced by Cd (Fig. 2E) ; this mitigating effect increased with increasing PHF concentration and pH (P Ͻ 0.05) (Fig. 2F) . The coexposure to the highest concentrations of PHF and Cd, at pH 6.8, led to 7.4% ROS-positive cells (Fig. 2F) . This indicates that the presence of PHF decreased by up to 36.7% the number of cells with ROS accumulation induced by Cd.
Role of PHF in coping with oxidative stress in yeast cells. Exposure of yeast cells to H 2 O 2 for 26 h at pH 6.3 (Table 2) led to a significant decrease in growth (21.5% of control; P Ͻ 0.05) which was accompanied by a strong increase in intracellular ROS accumulation (95% ROS-positive cells; P Ͻ 0.05). The coexposure of cells to H 2 O 2 and PHF led to a significant growth recovery (68.1% of control) and to an attenuation of ROS accumulation (44.2% ROS-positive cells). Similar results were found when cells grown in the presence of PHF were subsequently exposed to H 2 O 2 alone ( Table 2 ), suggesting that PHF had the ability to cope with the oxidative stress generated by H 2 O 2 inside cells.
DISCUSSION
Although cytotoxicity of the functionalized carbon nanomaterial PHF has been reported (4, 14, 15) , several studies have highlighted its nontoxic nature and ROS-quenching properties in biological systems (7, 8, 12) . We used the yeast S. cerevisiae as a eukaryotic model system to confirm that Cd induces oxidative stress (22, 23) and to provide the first insights into the mechanisms by which PHF is able to mitigate the stress induced by metals. Similarly to other authors (e.g., Oliveira et al. [36] ), we found that Cd inhibited the growth of S. cerevisiae in a dose-dependent manner. In our study, the negative effects of Cd on yeast growth increased with pH from 5.8 to 6.8. This was surprising, because we found larger amounts of free Cd in the extracellular medium at the lower pH. ) and/or H 2 O 2 (10 mM). A portion of the control cells or cells grown in the presence of PHF were washed in PBS and further exposed to H 2 O 2 for 3 h in the same buffer. In each column, different letters indicate significant differences (P Ͻ 0.05).
However, the affinity of protons for binding sites on the yeast is much higher than that of metal ions at lower pH, and the uptake of Cd by this yeast is reported to be ca. 2 times higher at pH 6.0 than 5.0 (35) . Therefore, the increase in Cd toxicity with pH in our study might be related to pH-dependent Cd uptake by the yeast.
Cd leads to oxidative injury in cells of living organisms due to intracellular accumulation of ROS (in microbes [19, 20] , plants [21] , animals [22, 23] , and humans [28] ). Consistently, we found that Cd induced ROS accumulation and plasma membrane disruption in cells of S. cerevisiae in a dose-dependent manner. The more pronounced effects of Cd on plasma membrane integrity and ROS accumulation at higher pHs may be related to the effects of pH on the magnitude of metal uptake by the cells (see above). Moreover, the results suggest that not all cells with ROS accumulation had lost their membrane integrity, because the number of cells with plasma membrane disruption (PI-positive cells) was slightly lower than that of ROS-positive cells, with differences of up to 6.1% at pH 6.8.
The exact mechanism of Cd toxicity is not fully understood yet, but most probably, Cd cytotoxicity is the combination of (i) apoptosis resulting from increased ROS accumulation saturating the antioxidant system, with mitochondrial membrane depolarization and dysfunction, and (ii) membrane lipid peroxidation promoted by ROS accumulation, which leads to plasma membrane permeabilization and necrosis (42) (43) (44) (45) . Our findings support the idea that Cd toxicity for S. cerevisiae was related to oxidative stress via intracellular ROS accumulation and/or via plasma membrane disruption, which might be due to lipid peroxidation. In addition, SEM analysis showed that Cd induced alterations of cell morphology, with evidence of cell shrinkage and degeneration. Thus, overall Cd-mediated toxicity might have involved apoptotic and/or necrotic cell death of S. cerevisiae. However, further studies are still needed to clarify this.
In the absence of Cd, PHF stimulated the growth of S. cerevisiae; this agrees with studies reporting that these nanoparticles can be beneficial for the growth of some prokaryotic (46) and eukaryotic organisms, including fungi (47) . White rot fungi are capable of mineralizing PHF to CO 2 and of incorporating minor amounts of C from PHF into lipid biomass (48) . We also found that PHF nanoparticles can be used as the sole carbon source by S. cerevisiae; however, yeast growth was almost 7-fold lower in mineral medium with vitamins and oligoelements supplemented with PHF (200 mg liter Ϫ1 ) than in YPD medium (20 mg liter Ϫ1 of dextrose) (data not shown). These findings contrast the reported harmful effects of other nanoparticles, including fullerene, on biota (4, 39, 49, 50) .
In our study, the coexposure of S. cerevisiae to PHF nanoparticles and Cd decreased the number of cells with (i) intracellular ROS accumulation, (ii) plasma membrane disruption, and (iii) altered morphology, compared to cells exposed to Cd alone. These effects were consistent with the attenuated negative effects of Cd on yeast growth in the presence of PHF. Moreover, the ability of PHF to mitigate Cd toxicity increased with nanoparticle concentration. In our study, PHF was able to cope with the oxidative stress generated by H 2 O 2 , supporting the idea that these nanoparticles can protect yeasts against metal-induced oxidative stress. By reducing the levels of intracellular ROS, PHF may stabilize mitochondrial membrane potential and prevent mitochondrial dysfunction (2, 51), a common manifestation of Cd-induced oxidative stress that leads to apoptosis. Also, PHF can prevent oxidation of polyunsaturated fatty acid in liposomes (mimic of plasma membrane) and lipid peroxidation (52) . However, the mecha- (54) and induce the accumulation of ROS (red dots) in active mitochondria, leading to mitochondrial depolarization, malfunction of proteins/enzymes, and nuclear and plasma membrane damage. PHF can enter the cell via the clathrin pathway (55) , which is the mechanism of endocytosis identified in yeasts (56) . PHF can be used as a source of energy or carbon in the absence of glucose (this study) and may also bind intracellular Cd and/or scavenge ROS, alleviating the cytotoxicity induced by Cd.
nisms underlying the antioxidant properties of PHF nanoparticles are still unclear. Ðor ević and Bogdanović (53) explained the PHF antioxidant properties by two possible mechanisms: (i) an addition reaction of hydroxyl radicals (·OH, 2n) to the olefinic double bonds of PHF core and/or (ii) removal of a hydrogen from PHF by the hydroxyl radical.
Complementarily to the antioxidant role of PHF, electrochemical stripping analyses showed extracellular binding of Cd to PHF in a concentration-and pH-dependent manner that led to a reduction in the concentration of bioavailable Cd. The binding effects of PHF in the presence of YPD medium suggested that the binding was additive. Cd binding by PHF resulted in up to a 10-fold decrease of free Cd, which translated into a significant protection against Cd toxicity. Also, SEM-EDX analysis showed that Cd ions were surrounded by PHF nanoparticles, supporting the idea that the functionalized surface hydroxyl groups of PHF could trap Cd while still having a facet available for interacting with yeast cells. In addition, the more pronounced decrease in Cd toxicity promoted by PHF at higher pHs was probably due to greater availability of unbound and/or nonaggregated PHF nanoparticles with unmasked hydroxyl groups to interact with Cd ions, as disclosed by the shift toward smaller nanoparticles and lower PdIs at higher pHs (see Table S1 in the supplemental material). These results provided the mechanistic explanation for the alleviating effects of PHF on Cd-induced cytotoxicity. Thus, along with hydroxyl radicals or ROS-scavenging properties, PHF directly interacted with Cd, and pH was a key factor for the stability and availability of PHF nanoparticles to the yeast cells. In conclusion, this study provided the first mechanistic evidence that PHF nanoparticles can play a role against metal toxicity in biological systems. The results show that PHF nanoparticles mitigated Cd effects by protecting cells against oxidative stress, as revealed by a decrease in intracellular ROS accumulation and in the number of cells with altered morphology and plasma membrane disruption. The protective role of PHF against Cd stress was dose dependent, and effects were more pronounced at elevated pHs. In the absence of Cd, the stimulatory effect of PHF on yeast growth supported the idea that PHF nanoparticles can be used as carbon and/or energy sources. The results also indicated that PHF nanoparticles bound significant amounts of Cd, reducing the bioavailability of Cd to yeast cells, particularly at elevated PHF concentrations and pHs. The ability of PHF nanoparticles to interact with metals opens new perspectives for the development of remediation strategies.
